Synaptic plasticity is conspicuously dependent on the temporal order of the pre-and postsynaptic activity. Human motor cortical excitability can be increased by a paired associative stimulation (PAS) protocol. Here we show that it can also be decreased, by minimally changing the interval between the two associative stimuli. Corticomotor excitability of the abductor pollicis brevis (APB) representation was tested before and after repetitively pairing of single right median nerve simulation with single pulse transcranial magnetic stimulation (TMS) delivered over the optimal site for activation of the contralateral APB. Following PAS, depression of TMS-evoked motor evoked potentials Wolters -Temporally asymmetric Hebbian rule in motor cortex
Introduction
Activity-dependent long-term modification of synaptic efficacy has been proposed to underlie information storage in neuronal populations. Hebb (1949) postulated that the strength of a synapse may be modulated by correlated activity of a (weak) input to a postsynaptic cell with activation of that cell, as a consequence of activity of another (strong) input to it. This principle, termed associativity, has been confirmed experimentally in numerous studies. Additionally, a stringent and surprisingly simple asymmetric temporal rule governing the direction of synaptic change has been revealed in many brain regions. With few notable exceptions (e.g., Bell et al. 1997; Egger et al. 1999; Holmgren and Zilberter 2001) it was found that associative LTP was induced when an action potential of the postsynaptic neuron (induced by a strong input to the cell) followed the postsynaptic potential induced by a weak input. If the order of stimulation was reversed (i.e., postsynaptic neuron firing an action potential before the weak input), LTD of the weak input was induced (Levy and Steward 1983; Gustafsson et al. 1987; Markram et al. 1997; Magee and Johnston 1997; Bi and Poo 1998; Debanne et al. 1998; Zhang et al. 1998; Feldman 2000) . This spike-timing dependent plasticity rule fulfills the theoretical requirement of Hebbian learning for competition among synapses (Miller 1996) and represents an attractive principle which could explain important features of plasticity in developing as well as in mature cortex (Song and Abbott 2001) . While most induction studies investigating the temporal rules of bidirectional modulation of synaptic efficacy (LTP/LTD) have been performed on cultured neurons or in vitro brain slice preparations, few studies have been done in vivo (Zhang et al. 1998) , and in the intact adult cortex (Yao and Dan 2001; Fu et al. 2002) . In particular, physiological evidence of whether a temporally asymmetric Hebbian (TAH) rule (Paulsen and Sejnowski 2000) is operative in changing synaptic efficacy in executive brain regions is lacking in humans.
Wolters -Temporally asymmetric Hebbian rule in motor cortex 1/20/2003 4 Plasticity in the human motor cortex can be elicited using an intervention shaped after models of associative LTP in experimental animals . Lowfrequency median nerve stimulation was paired with TMS over the contralateral motor cortex representing the abductor pollicis brevis muscle (APB). TMS leads to transsynaptic excitation of cortical output neurons (Rothwell 1997 ) and some of the somatosensory afferent information evoked by median nerve stimulation reaches the primary motor cortex in a highly somatotopically organized fashion (Rosén and Asanuma 1972; Classen et al. 2000) . This protocol, termed paired associative stimulation (PAS), rapidly induced a longlasting, reversible and topographically specific increase in the amplitudes of motor evoked potentials (MEPs) evoked by TMS in the resting APB that was dependent on NMDAreceptor activation Stefan et al. 2002) . Considering these properties, we have proposed that the PAS-induced plasticity may be related to associative LTP of cortical synapses in the human cortex .
Based on these prior results we tested the hypothesis that a TAH rule, similar to the spike-time dependent plasticity rule observed in experimental animal preparations, governs associative plasticity in the adult human motor cortex in vivo. We show that PAS may induce a depression of cortical excitability if the sequence of stimulation-induced events in the primary motor cortex is reversed within a small time window. Additional physiological properties of this form of plasticity suggest the involvement of associative LTD-like mechanisms. Some of the results have been published in abstract form (Sandbrink et al. 2001 ). Electronics Design, Cambridge, UK) and stored in a laboratory computer for display and later off-line analysis.
Experimental procedures
Subjects were seated comfortably in an armchair. At first the optimal position of the magnetic coil for eliciting motor evoked potentials (MEP) in the resting right APB was assessed over the left motor cortex at a moderately suprathreshold stimulation intensity (usually around 50% of the maximal stimulator output) and marked directly on the scalp with a soft-tip pen. At the optimal site, the resting motor threshold (RMT) was determined as the minimum stimulator intensity needed to produce a response of at least 50 µV in the relaxed APB in at least 5 of 10 consecutive trials (Rossini et al. 1994 ).
Complete muscle relaxation was continuously monitored by visual and auditory feedback. If not stated otherwise, 20 trials were collected both before, and immediately after intervention, using a stimulus intensity of 1.3 times RMT and a stimulation rate of about 0.1 Hz. Previous studies Stefan et al. 2002) had shown that this stimulation intensity evokes a mean MEP amplitude of the resting APB muscle averaging to approximately 1 mV in the resting APB. Identical stimulus intensities were used before and after intervention.
For intervention, a slightly modified version of a previously published paired associative stimulation (PAS) protocol was employed. In brief, the intervention consisted of single electrical stimuli delivered to the right median nerve at the level of the wrist at 300 percent of the perceptual threshold and followed by TMS at 1.3 times RMT at a fixed interstimulus interval (ISI). Ninety pairs were delivered at 0.05 Hz over 30 minutes. The influence of the timing of the TMS pulse with reference to the median nerve stimulation during PAS was studied in a total of 117 separate experimental sessions (13 experiments each at each of 9 ISIs). While all subjects were tested at multiple ISIs, not all of them were available for testing of all 9 ISIs. Therefore, to obtain data from the same number subjects for each ISI, a total of 23 subjects were studied in this experiment. 0, 5, 10, 15, 20, 25, 35 , 50 ms were tested and the interventions were termed (PAS(-10ms), PAS(0ms), …PAS(50ms)), respectively, with positive values indicating that median nerve stimulation was followed by TMS. A schematic version of the experimental set-up is provided in Fig. 1 A. At least two days elapsed in between two sessions for one subject. For each subject the order of the experimental sessions employing a specific ISI was pseudorandom. Effects of PAS on MEP amplitude were expressed as percent difference (∆%) compared to baseline (see below).
Timing of TMS pulse in relation to median nerve stimulation during intervention

Somatosensory evoked potentials
Somatosensory evoked potentials (SEP) were collected from a subgroup of 14 subjects participating in the experiment testing the effects of varying the ISIs (see above). Mediannerve SEP were recorded according to international guidelines (Nuwer et al. 1994 ) using needle electrodes. The active electrode was placed over the skull region overlying the primary somatosensory cortex (C3' using the international 10-20 system) while the reference electrode was placed over Fz. For each of a minimum of 3 reproductions, 300
electrical stimuli (pulse width 300 µsec., 5 Hz, 15 -20 mA) were applied to the contralateral median nerve.
F-wave studies and electrical brainstem stimulation
As TMS-evoked MEPs are predominantly generated by activation of the monosynaptic corticospinal tract (Rothwell 1997) , excitability changes following PAS(10ms) could, in principle, be located at a cortical or a spinal level. To acquire information on the excitability of the spinal motor neurons uncontaminated by intracortical physiological changes we employed F-wave-studies and brainstem stimulation. Excitability of a portion of spinal motoneurones can be assessed by testing changes in the magnitude of F-waves which are generated by a recurrent discharge of antidromically activated spinal motoneurones (Mayer and Feldman 1967) . Transmastoid stimulation in humans has been shown to excite corticospinal axons at the level of the brainstem and evaluation of MEP amplitudes evoked by brainstem stimulation provides information on the excitability of spinal circuitry (Ugawa et al. 1991) .
F-wave studies
In 5 subjects, changes in the MEP amplitudes following PAS were compared to changes in the size of F-waves evoked in the relaxed APB by supramaximal electrical stimulation of the median nerve at the wrist before, and after PAS(10ms). Twenty F-waves and 20 TMSevoked MEP responses were recorded before, and after intervention. The magnitude of Fwaves depends on the intensity of the electric nerve stimulation eliciting it. The magnitude of M-waves elicited by peripheral nerve stimulation was compared before and after PAS as a surrogate marker of the peripheral efficacy of the electric median nerve stimuli delivered to elicit F-waves. In all experiments, M-wave amplitudes after PAS were within 95-105 percent of the pre-interventional value suggesting stability of peripheral nerve excitability.
Brainstem stimulation
In one subject electrical brainstem stimulation was performed using the method described by Ugawa and co-workers (1991) . Anode (right) and cathode (left) were attached to the skin overlying the mastoids. Magnetic stimulation was performed at 1.3 times RMT.
Stimulus intensity of the electric stimulator was then set to produce an MEP of similar amplitude in the resting APB. Stimulus intensity was 80% of the maximal electrical stimulator (Digitimer D 180, Digitimer, Welwyn Garden City, Hertfordshire, UK) output using a stimulus width of 100µs. Twenty TMS-stimuli and 6 electrical brainstem stimuli were delivered before, and after an interventional paired stimulation at an ISI of 10 ms.
The TMS was pseudorandomly intermixed with brainstem stimulation to ensure that the subject was not able to predict the modality of the stimulus about to be delivered.
Pharmacological testing
Most forms of LTD in neocortex depend on activation of NMDA receptors (Kirkwood et al. 1999; Dodt et al. 1999 ) and of L-type voltage-gated Ca 2+ -channels (Dodt et al. 1999; Artola et al. 1996; Brocher et al. 1992; Sjostrom and Nelson 2002) . We tested the effects of dextromethorphan, an NMDA-receptor antagonist (Wong et al. 1988 ) and nimodipine, a blocker of L-type voltage gated Ca 2+ -channels (Hess et al. 1984) on PAS(10ms)-induced decrease of cortical excitability.
Twelve subjects were screened in an inclusion experiment. Eleven subjects fulfilled the inclusion criterion which specified that PAS(10ms) must induce a depression of cortical excitability. These subjects were scheduled to participate in three subsequent sessions, separated by at least 2 days, in a single-blind, counterbalanced design. In one of the three sessions, each subject received a single dose of 150 mg dextromethorphan (Hustenstiller-Ratiopharm, Ratiopharm, Ulm, Germany), in another one 30 mg of nimodipine (Nimotop S, Bayer, Leverkusen, Germany) and in a third session placebo. At the doses utilized in this study, dextromethorphan brain concentrations in humans (Steinberg et al. 1996) are similar to those that induce NMDA receptor block in vitro (Wong et al. 1988; Apland and Braitman 1990) , and nimodipine concentrations in cerebrospinal fluid (Allen et al. 1983 ) are similar to those inducing blockade of LTD in vitro (Bi and Poo 1998) . Following each experimental session, side effects were graded by the subject on a scale ranging from 0-3: (0: no or very minor side effects; 1: minor side effects; 2: moderate side effects; 3: severe side effects). Of 11 subjects, one subject who received dextromethorphan in the first drug session, experienced nausea shortly before the beginning of the first TMS investigation. This experimental session was discontinued and this subject was excluded from participation in further drug experiments.
For MEP amplitudes, 20 trials were collected both before, and immediately after PAS(10ms), using a stimulus intensity of 1.3 times RMT and a stimulation rate of 0.1 Hz.
All analyses were done blind to the condition tested.
Duration of PAS-induced depression of motor cortex excitability
In 10 subjects the duration of the depression of motor cortex excitability elicited by PAS (10ms) was studied. Twenty stimuli were delivered before PAS(10ms), and at 10 epochs following PAS(10ms), at 0, 10, 20, 30, 45, 60, 75, 90, 105 , and 120 min.
Examination of RMT post intervention
Resting motor threshold to TMS provides information on membrane excitability levels (Hallett 2000; Mavroudakis et al. 1994; Ziemann et al. 1996) . To consider this mechanism potentially contributing to PAS(10 ms)-induced depression of MEP amplitudes, RMT was assessed after intervention with PAS(10 ms) in 4 subjects.
Data analysis
Amplitudes were measured peak-to-peak in each individual trial. For each subject, amplitudes were averaged according to the different conditions described above, and expressed as percent of baseline. If not stated otherwise, analyses of variance (ANOVA) and post-hoc one sample two-tailed t-tests were employed for statistical analyses. Effects were considered significant, if p<0.05. All data are given as means±s.e.m..
Results
Influence of interstimulus interval between peripheral and cortical stimulation
Following PAS, motor cortical excitability changed as a function of the interstimulus interval (ISI; F=4.05, p<0.001). Post-hoc analysis of the change of MEP amplitudes (∆%), revealed significant effects for ISI=25 ms and ISI=10ms. At 25 ms ISI, motor excitability increased by 51±18% (p<0.05), in agreement with previous observations . At this ISI, MEP amplitudes increased in 11 of 13 subjects. On the other hand, at
ISI=10ms motor excitability decreased by -25±10% (range -7 to -85%, p<0.05), MEP amplitudes decreased in 11 of 13 subjects. An example of the effect of PAS performed with different ISIs is illustrated in Fig. 1b , group data are shown in Fig. 1c .
The latency of the N1 component (Nuwer et al. 1994 ) of the SEP after contralateral afferent median nerve stimulation amounted to 18.8±0.3 ms.
Physiological profile of PAS(10ms)-induced depression of corticospinal excitability
Site on the neuroaxis
Two different approaches were used to examine the laminar site of the motor excitability changes: F-wave studies and transmastoid brainstem stimulation.
Following PAS(10ms), the size of TMS-evoked MEPs decreased (-28 ±6%, p<0.01; N=5) while the magnitude of F-waves elicited by median-nerve stimulation in the APB muscle remained unchanged (1±6%; n.s. one-sample, two-tailed t-test.; Fig. 2 a, b) .
Following PAS(10ms), MEP amplitudes to TMS decreased (mean±S.D.; pre 2.6±1.5 mV, post 1.5±0.9 mV; p<0.01; two-sided t-test) while MEP amplitudes evoked by brainstemstimulation did not change significantly (pre 2.0±0.9 mV, post 2.6±1.2 mV; n.s.; Fig. 2c ).
These findings point to a cortical site underlying the depression of corticospinal excitability following PAS(10ms). (Fig. 3) .
Resting motor thresholds
Following PAS(10ms), MEP amplitudes decreased (-29±6%; p<0.01; N=4) in the absence of changes in resting motor thresholds (pre: 38±9% of maximal stimulator output (MSO); post: 38±9% of MSO), thus indicating that membrane excitability change is not a major mechanism contributing to the decrease of TMS-evoked MEP amplitudes. .
Pharmacology
In the 10 subjects completing the pharmacological experiment, side effects (dizziness and nausea) were subjectively graded 0.4±0.7 (mean±s.d.) in the dextromethorphan sessions, 0.0±0.0 in the nimodipine sessions, and 0.0±0.0 in the placebo sessions (n.s.; rmANOVA), respectively, and did not interfere with the subjects' ability to complete the study. Motor cortical excitability changes induced by PAS(10ms) were differentially influenced by the factor drug (F=5.576, p<0.005). PAS under the influence of placebo changed MEP amplitudes by -23±8 % (p<0.05), similar to the magnitude of the decrease observed in the inclusion experiment (-24±5 %; p<0.01; Fig. 4) . Both dextromethorphan or nimodipine blocked PAS(10ms)-induced excitability changes seen in the placebo session (Fig. 4) .
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Discussion
The present results provide evidence that associative plasticity in the human motor cortex is governed by a strict temporally asymmetric rule. Following PAS(25ms) motor cortex excitability increased whereas PAS(10ms) led to a depression of MEP amplitudes.
Afferent inputs elicited by median nerve stimulation reach the primary somatosensory cortex at the latency of the N1 component of the somatosensory evoked potential (Allison et al. 1989 ) which amounted to 18.8±0.3 ms in our subjects. Because, in humans, afferent inputs reach the primary motor cortex a maximum of 4 ms later than the primary somatosensory cortex (Goldring et al. 1970 ) (i.e., in our subjects, on average, at ≤ 23 ms) the events triggered by TMS precede the events elicited by median nerve stimulation in the motor cortex at PAS(10ms), whereas the sequence of events is reversed at PAS(25ms). Our finding that bidirectional cortical excitability changes occurred with afferent-stimulation induced cortical events timed to fall within a few milliseconds before, or after the postsynaptic events induced by TMS agrees with observations in several associative induction protocols in hippocampal (Gustafsson et al. 1987; Magee and Johnston 1997; Debanne et al. 1998; Stanton and Sejnowski 1989; Hashemzadeh-Gargari et al. 1991; Huerta and Lisman 1995) and in neocortical preparations (Markram et al. 1997) . This temporal rule alone may indicate that similar cellular mechanisms may be involved.
However, in the absence of invasive neuronal recordings any hypothesis about the precise nature or location of cellular events finally resulting in timing-dependent plasticity induced by our PAS protocol in human motor cortex remains speculative. In the "classical" model of associative, "Hebbian" plasticity the weak input to a postsynaptic neuron is strengthened when it is activated before activation of the postsynaptic neuron, whereas the opposite effect is induced when the sequence of events is reversed. In our paradigm, LTP(LTD)-like phenomena were obtained when TMS-induced events in the primary motor cortex followed (preceded) the events induced by peripheral stimulation. In the framework neurons (Schuett et al. 2001) . Evidence of a similar function in adult visual cortex was provided by findings that changes of orientation tuning followed pairings of two visual stimuli at two orientations (Yao and Dan 2001; Fu et al. 2002) . Importantly, the direction of the shift depended on the temporal order of the stimuli and required interstimulus intervals of 40 ms or less (Yao and Dan 2001) . The functional consequence of a TAH rule for motor plasticity is not a priori clear. The requirement of near-synchronicity by associative signals for modulation of cortical excitability would suggest that reafferent activity from peripheral mechanoreceptors induced by a voluntary movement would arrive too late in the primary motor cortex to provide a signal with which movement-related motor cortical neuronal activity could interact through the mechanism shown in the present paper, to effectively modulate the strength of synapses. However, it must be borne in mind that TMS recruits inhibitory circuits in addition to excitatory connections (Rothwell 1997 ).
This might have narrowed the width of the time window for pre-and postsynaptic events to interact effectively. Therefore, at the present time, it cannot be excluded that re-afferent mechanoreceptive signals may be able to influence efficacy of excitatory synapses within the motor cortex. However, it is important to note that any interaction of previously active cortical circuits with short-latency feedback from any (peripheral or cortical) reafferent signals will lead to depression of cortical excitability, thus supporting a role for LTD in information storage in the neocortex.
Previous investigators have utilized TMS to either induce cortical plasticity in the presence of manipulating afferent somatosensory information (e.g., Ziemann et al. 2002), or to test the hypothesis of a synaptic nature of practice-induced plasticity of cortical excitability (e.g., Bonato et al. 2002) . et al. 1989) as assessed by the mean N1-response latency of the median-nerve somatosensory evoked potential in 14 subjects (Nuwer et al. 1994) . 
